Summary. The distribution of somatostatin-containing neurons in mice of both sexes was immunohistochemically examined and compared with that in rats. In radioimmunoassay the relative somatostatin content in the mouse brain was 2-3 times higher than that in the rat. The overall immunohistochemical staining for somatostatin was much stronger and more prominent in the mouse than in the rat. Although the distribution pattern of somatostatin immunoreactivity was basically the same between the two animals, several regions, especially the nucleus anterior hypothalami and the nucleus interpeduncularis, were found to contain large aggregates of somatostatin-immunoreactive neurons in the mouse brain but not in the rat. The electrolytic lesions to the nucleus anterier hypothalami caused a marked decrease in somatostatin immunoreactivity of the outer layer of the median eminence in the mouse. This suggests that the nucleus anterior hypothalami is an additional source of somatostatin for the median eminence in the mouse. The differences recognized between the species are interesting from functional and evolutionary points of view.
The distribution of somatostatin in the central nervous system (CNS) has been studied by radioimmunoassay (KING and MILLER, 1979; RORSTAD et al., 1979) and by immunohistochemistry using various animals including submammalian (VANDESANDE and DIERICKX, 1980; INAGAKI et al., 1981; CLAUDE-ROLAND et al., 1986; MIKAMI et al., 1988) as well as mammalian species (JOHANSSON et al., 1984; VINCENT et al., 1985) . Similar or different distribution patterns among the different species have been described. Noteworthily, however, no detailed examination has been reported in the mouse. Accordingly, the present study has been carried out to document the overall mapping of Somatostatin-containing neurons in the mouse brain by the use of radioimmunoassay and immunohistochemistry partly combined with electrolytic and microknife lesions. From careful comparison of the somatostatin neuron system in the mouse with that in the rat, we have been able to localize several regions in which large accumulations of somatostatin-containing neurons exist in the mouse brain, but not in the rat. These differences are significant in comparative morphology and physiology, since these two animals are in the same suborder of Myomorpha and their brains are very similar in fundamental construction (GEORGE and CHARLES, 1982; SIDMAN et al., 1971) .
MATERIALS AND METHODS

Animals
Male and female ddY mice (15-20 g and 25-30 g body weight for each sex) and Wistar rats (about 200 g) were used for this study. The animals were housed separately in a temperature controlled (24+1'C) and artificially illuminated room (light on 5AM-7PM) and fed with food pellets and water ad libitum. The sex cycle of each female mouse was cytologically checked by the smear test with Giemsa staining at the time of experiment.
Immunohistochemistry and radioimmunoassay We used two different anti-rat somatostatin-14 rabbit sera, one kindly donated by Prof. M. SUZUKI, Department of Physiology, Institute of Endocrinology, Gunma University (KATO et al., 1985) and the other prepared by ourselves. Both sera were tested and 201 confirmed to be highly specific. Under pentobarbital anesthesia, the brains were fixed by perfusing 5% acrolein in 0. 1 M sodium phosphate buffer (pH 7. 4) through the aorta. Serial 20, um-thick frozen sections were cut on a coronal, sagittal or horizontal plane and stained by peroxidase-anti-peroxidase (PAP) method. The brain nuclei were identified according to the atlas by SIDMAN et al. (1971) for the mouse and that by GEORGE and CHARLES (1982) for the rat.
For radioimmunoassay of somatostatin, animals were killed by decapitation and the brains were quickly removed. Each brain was homogenized in 2N acetic acid including 0.1% Triton X-100 by sonication and then boiled for 5 min, according to the method described by CHI-MING et al. (1981) . After centrifugation the supernatant was lyophilized and resuspended in 0.1M phosphate buffer saline (pH 7.4) containing 1% bovine serum albumin for radioimmunoassay.
Since the recovery of somatostatin from brain tissues was 82. 6% in this experimental condition, the somatostatin values were corrected on the basis of the extraction efficiency.
Electrolytic lesions and microknife cuts Some male mice were used for electrolytic and microknife lesions. Under sodium pentobarbital anesthesia (100mg/leg body weight), unilateral electrolytic lesions were placed in selected regions where somatostatin immunopositive neurons were found to accumulate. With the aid of a stereotaxic apparatus an insulated insect pin (0.2mm in diameter) with a barbed tip was inserted and an anodal direct current of 0.8mA was applied for 5 sec. (ISHIKAWA and SHIMAZU, 1980) . For microknife cuts to the hypothalamus and its vicinity, 2.0mm wide stainless steel knives (0.1mm in thickness) were inserted up to the brain baseline along different sagittal planes at 0.3 mm intervals for different animals. The animals were allowed to recover from the operations, whether electrolytic lesions or microknife cuts. After 5-7 days the animals were sacrificed for immunohistochemical staining in order to examine changes in somatostatin immunoreactivity in the median eminence and the organum vasculosum laminae terminalis.
RESULTS
Somatostatin content in the mouse and rat brains
The present radioimmunoassay demonstrated that the relative somatostatin content in the mouse whole brain (comprising rhinencephalon, telencephalon, diencephalon, mesencephalon and rhombencephalon) was about 2-3 times higher than that in the rat (Table 1) .
Immunohistochemistry of somatostatin in mouse brain
In the mouse brain, somatostatin-immunoreactive neurons and fibers were found to be widely distributed from the telencephalon to the rhombencephalon. The relative population density of the somatostatin neurons and fibers was compared between the normal mouse and the rat. Interestingly, the immunohistochemical reaction in several regions was found to be much stronger and more prominent in mice than that in any normal rats subjected to different perfusion volumes or durations of fixation. The results are summarized and schematically mapped in Figures The hippocampal complex also contained a moderate number of somatostatin neurons at all levels from rostral to caudal, particularly in the cornu ammon (CA) 1, 2, 4 and the vicinity (Figs. iF-I , 2B, C). In the CAl, CA2 and their vicinity, the distribution of somatostatin was mainly restricted within the oriens layer of the hippocampus. At least two types of multipolar neurons with somatostatin immunoreactivity could be recognized in the oriens layer: larger neurons about 30 pm in diameter as well as smaller ones existed in the superficial part of the oriens layer in the CA1 and 2 (Fig. 2B) . In addition, a moderate density of somatostatin neurons which were weakly stained was found in CA4 and its vicinity. Judging from the location and shape of the perikarya and from the course of their fibers ( Fig.  2C) , some of the somatostatin-immunoreactive neurons were identified as basket cells (known to have an inhibitory activity on pyramidal cells of the hippocampus). The hilus of the gyrus dentatus also contained a small number of somatostatin neurons of a multipolar form, whereas in the outer region of the molecular layer of the gyrus dentatus a moderate number of somatostatin neurons were observed which decreased in number towards the middle region ( Fig.  1F-I) . A similar density of somatostatin fibers was seen in the stratum lacunosum merging with the fiber plexus of the molecular layer of the gyrus dentatus.
The amygdaloid complex ( Fig. 1D -G) was found to contain numerous somatostatin neurons and fibers. Most of the neurons were confined to the amygdaloid nuclei, but some were also seen outside the complex of nuclei (Fig. 2D ). The highest density of somatostatin neurons in the area was observed in the nucleus amygdaloideus medialis, though the nucleus amygdaloideus centralis and the nucleus amygdaloideus basalis also had numerous somatostatin neurons. The nucleus amygdaloideus centralis was characterized by a very high density of somatostatin fibers with fine varicosities.
In the nucleus lateralis septi, a great number of somatostatin fibers with immunoreactive varicosities were seen to surround and terminate on the other immunonegative perikarya (Fig. 2E ). The area containing such axo-somatic connections extended from rostral to caudal portions of the nucleus lateralis septi. No immunopositive perikarya, however, could be observed in this area (Fig. 1C, D) . Interestingly, numerous somatostatin immunopositive fibers were seen to be arranged in a basket-like pattern surrounding individual immunonegative neural perikarya. This arrangement of somatostatin-positive varicosities resembled the septal innervation involving other neuropeptides such as thyrotropin-releasing hormone, corticotropin-releasing hormone and enkephalin in the mouse brain (unpublished data).
In the nucleus caudatus/putamen a moderate density of somatostatin neurons, multipolar or bipolar in shape, was observed at all levels (Fig. 2F) . These neurons were rather evenly distributed in the nucleus, though they were somewhat more numerous in the medial-ventral aspect (Fig. 1B-G) . The nucleus caudatus/putamen contained a medium density of somatostatin fibers which were strongly immunoreactive, particularly so in the medial part along the globus pallidus. The dorsal and lateral parts of the nucleus caudatus/putamen contained only a few somatostatin fibers which increased in density towards the medial and ventral parts. Patches of dense fiber networks were formed in the ventral aspects, extending ventrally into the nucleus accumbens septi. Some fibers appeared to be in direct contact with the surface of the lateral ventricle. Serial sections confirmed that some fibers originating from somatostatin neurons in the nucleus commissurae anterioris showed a low to medium density in the subfornical organ, through which some of them reached the surface of the ventricle.
A small number of somatostatin neurons were found in the rhinencephalon. Their perikarya appeared bipolar or multipolar, their size about 20 p m in diameter. The bulbus olfactorius possessed a small number of somatostatin neurons, particularly in the deeper part of the granular layer. Some somatostatin-immunoreactive fibers were seen to run in a lateral direction parallel to the ventricle. In the nucleus olfactorius anterior, a small to moderate number of somatostatin neurons were found, which increased from rostral to caudal with more in the dorsal portion (Fig. 1A) . In the tuberculum olfactorium, a moderate number of somatostatin neurons were present in the most basal layer, from which they were found continuously in the anterior part of the medial forebrain bundle area (Fig. 1B-D) .
The nucleus accumbens was found to have a moderate to high density of somatostatin neurons, most of which were bipolar, with some multipolar neurons (Fig. l B, C) . This nucleus also showed a dense innervation with fine somatostatin fibers (Fig. 2G) . A large number of bipolar and multipolar neurons with 20, um in diameter were found in the areas surrounding the commissura anterior and its vicinity (Fig. 2H) , where somatostatin fibers also exhibited a high density. Immunoreactive fibers were also distributed heavily in the dorsal part overlying the commissura anterior. In addition, a great number of somatostatin neurons were found not only within the nucleus accumbens, the nucleus commissurae anterioris, and the ventral portion of the nucleus caudatus, but also along the pathway of somatostatin fibers into the medial forebrain bundle.
Diencephalon
The highest density of somatostatin fibers was found in the stalk and the median eminence, where a very dense plexus was formed in the external layer with some fibers extending into the internal layer (Fig. 2I) . Similar somatostatin fibers at high to moderate den- sity could be found in the organum vasculosum laminae terminalis. In the neurohypophysis, a medium density of fibers and terminals was observed. In the mouse hypothalamus and its vicinity, prominent accumulations of somatostatin neurons were found in the following three nuclei; 1) nucleus periventricularis (PV), 2) nucleus anterior hypothalami (AH) (Fig. 2J, K) , and 3) nucleus dorsomedialis hypothalami (DM) (Fig. 2L) . The somatostatin neurons within the PV, the DM and the AH appeared bipolar or multipolar with their size at about 20, um in diameter. The nucleus ventromedialis hypothalami (VM) and nucleus arcuatus (A) also contained a small number of somatostatin neurons, but very dense networks of somatostatin fibers with numerous varicosities were observed in the VM, marking a distinct boundary with the surrounding area (Fig. 2I) .
The thalamus in the mouse brain (Fig, 1E-I ) was found to contain a small number of somatostatin neurons of a multipolar type with a diameter of about 25, um. They were seen in the nucleus centralis of the corpus geniculatum mediale and in the posterior part of the nucleus medialis thalami ventralis (Fig. 20) .
Mesencephalon:
A large number of somatostatin neurons were seen in the dorsal part of the nucleus interpeduncularis. The perikarya generally assumed a unipolar shape with a size about 20-25 um in diameter (Fig. 2M, N) , as revealed in coronal, sagittal or horizontal sections. The course of the fibers originating from the somatostatin neurons in the nucleus interpeduncularis could not be traced accurately because their staining-reaction was relatively weak. However, a few immunostained fibers could be found running caudally through the fossa interpeduncularis, where a moderate density of somatostatin varicosities was also present.
A moderate to small number of somatostatin neurons were seen in the colliculus inferior, especially in its superficial layer, where networks of immunoreactive fibers were also formed. Multipolar immunoreactive neurons of about 25, um size were found in the midline of the periaqueductal central gray, in particular, ventral and a little lateral to the aqueduct (Fig. 11, J) .
Rhombencephalon:
In the mouse rhombencephalon, a wide distribution of somatostatin neurons and fibers was observed. The neurons were mostly multipolar, though sometimes bipolar in shape. A moderate number of immunoreactive neurons were found in the nucleus olivaris superior (Fig. 2P) , the nucleus cochlearis dorsalis, the nucleus gracilis, the nucleus cuneatus, and the nucleus tractus solitarii (Fig. 1J, K) . In addition, a small number of Somatostatin neurons were also found in the other nuclei or areas of the rhombencephalon.
Comparison of somatostatin neuronal systems in the mouse and rat By immunohistochemistry, the distribution of somatostatin-containing neurons in the rat brain was also examined under the same conditions of preparation as for the mouse. The immunoreactivity in mice appeared to be more intense and prominent than that in rats. Moreover, the distribution of somatostatin neurons and fibers was much wider in the mouse brain than in the rat. In many portions of the extra-hypothalamus as well as the hypothalamus, the distribution pattern of somatostatin neurons was the same in the mouse and rat brains. However, differences were observed in some nuclei, where a great number of somatostatin neurons were present only in the mouse, not in the rat notably: 1) nucleus anterior hypothalami and 2) nucleus interpeduncularis.
Numerous somatostatin fibers with varicosities also occurred predominantly in those nuclei and along the course extending from the nucleus. Few or no immunopositive neurons were found to exist in the corresponding nuclei of the rat under any of the various experimental conditions. There were other differences. l) In mice, there was a tendency for somatostatin neurons to be accumulated in the deeper layer of the cerebral cortex, whereas in rats they were rather evenly distributed throughout the cortex. 2) A moderate density of somatostatin fibers and varicosities was observed in the fossa interpeduncularis in the mouse, but not in the rat. 3) A great number of somatostatin immunoreactive perikarya were observed in the nucleus dorsomedialis hypothalami in the mouse brain, with not so many in the rat.
Immunohistochemistry combined with lesions and microknife cuts
To check the possible projection of somatostatin neurons to the median eminence, electrolytic lesions were placed in the following nuclei: 1) the rostral portion of nucleus accumbens and its vicinity, 2) nucleus caudatus/putamen, 3) nucleus anterior hypothalami, 4) nucleus dorsomedialis hypothalami (DM) and 5) nucleus interpeduncularis.
For each group 1-3 brains were used and the above listed nuclei and areas were confirmed to be selectively destroyed Five to seven days after a unilateral lesion was placed in the AH (N: 3), particularly in its lateral portion, the somatostatin immunoreactivity was lost in the ipsilateral outer layer of the median eminence, though a small number of immunoreactive terminals still remained in the ablated side of the median eminence (Fig. 3A, 3C-F) . A decrease in the immunoreactivity was more remarkable in the rostral part of the median eminence (Fig. 3C-F) . The transsection placed in a lateral portion of the AH and the nucleus preopticus medialis also caused a significant decrease in somatostatin immunoreactivity in the ablated side of the median eminence. In addition, immunopositive varicosities along the fibers were found to be prominent only in the medial part of a cut line, and not in the lateral part (Fig. 3B ). In the same samples, however, a decrease in somatostatin immunoreactivity was not so prominent in the organum vasculosum laminae terminalis (Fig. 3G) .
DISCUSSION
The present systematic study has immunohistochemically demonstrated and mapped the widespread distribution of somatostatin neurons and fibers at all levels of the mouse brain. Careful comparison has also been made of the somatostatin content and the distribution of immunoreactivity between the mouse and rat brains, the latter having been most extensively used to document the brain somatostatin system. The overall distribution patterns of the somatostatin neurons and fibers were very similar in both species, but there were some noticeable differences, especially in two respects. 1) The relative radioimmunoassayable somatostatin content was about 2-3 times higher in the mouse brain than in the rat. 2) Dense populations of immunoreactive neurons were found in two nuclei -the nucleus anterior hypothalami and the nucleus interpeduncularis -in the mouse but not in the rat brain.
It is not easy to account for a higher concentration of somatostatin in the mouse brain at the cellular level. Nevertheless, the immunohistochemical reaction in neurons and fibers as a whole was much more intense in the mouse brain than in the rat. It was unlikely that the specificity of the antibodies was responsible for these differences, since the two different antibodies used for this study gave the same results. Hence, the observed differences seemed to reflect the actually higher concentration of this peptide within individual neurons and fibers and probably the higher population density of neurons containing it. The physiological significance of this high content of somatostatin in the mouse remains to be explored.
Interestingly enough, in the mouse the nucleus anterior hypothalami was the site of the most prominent accumulation of somatostatin neurons, whereas immunoreactive neurons were negligible in the corresponding nuclei in the rat. It is well known that the pathway from the nucleus periventricularis hypothalami to the median eminence in the rat is the most important pathway for supplying somatostatin into the median eminence (CRITCHLOW et al., 1978; CROW-LEY and TERRY, 1981) , from which the peptide is transported into the anterior pituitary to modulate growth hormone secretion. The present experiments using electrolytic lesions and microknife cuts have confirmed that this system also works in the mouse. Moreover, somatostatin neurons in the nucleus anterior hypothalami seem to be involved in this system also in the mouse brain. A number of somatostatincontaining fibers ran laterally from the nucleus anterior hypothalami regions, forming an arch to turn ventrally toward the ventral surface of the brain. Then, the somatostatin bundles ran caudal to the tractus opticus and veered toward the median eminence. The nucleus interpeduncularis of the midbrain also contained large numbers of somatostatin neurons in the mouse. It appeared that somatostatin fibers originating from this nucleus ran caudally toward the lower brain stem. In sharp contrast, only a few, if any, immunopositive neurons were found in the corresponding nucleus interpeduncularis in the rat. The differences between both species reported here are of interest from functional and evolutionary points of view. The intense immunoreactivity for somatostatin neurons and fibers in the mouse, may be highly advantageous in utilizing the mouse brain as a suitable model for studying physiological and experimental changes in somatostatin neurons. It should be recoginized that, in the present study, only one mouse strain, ddY, was used. Similar analyses on other strains are also needed to unequivocally generalize the present findings. Finally we propose that detailed comparative studies on the somatostatin system may lead to a better understanding of the functional significance of this widespread peptide in the central nervous system.
